Pesticides may contribute to respiratory symptoms among farmers. Using the Agricultural Health Study, a large cohort of certified pesticide applicators in Iowa and North Carolina, we explored the association between wheeze and pesticide use in the past year. Selfadministered questionnaires contained items on 40 currently used pesticides and pesticide application practices. A total of 20,468 applicators, ranging in age from 16 to 88 years, provided complete information; 19% reported wheezing in the past year. Logistic regression models controlling for age, state, smoking, and history of asthma or atopy were used to evaluate associations between individual pesticides and wheeze. Among pesticides suspected to contribute to wheeze, paraquat, three organophosphates (parathion, malathion, and chlorpyrifos), and one thiocarbamate ( S -ethyl-dipropylthiocarbamate [EPTC]) had elevated odds ratios (OR). Parathion had the highest OR (1.5, 95% confidence interval [CI] 1.0, 2.2). Chlorpyrifos, EPTC, paraquat, and parathion demonstrated significant dose-response trends. The herbicides, atrazine and alachlor, but not 2,4-D, were associated with wheeze. Atrazine had a significant dose-response trend with participants applying atrazine more than 20 days/year having an OR of 1.5 (95% CI 1.2,1.9). Inclusion of crops and animals into these models did not significantly alter the observed OR. These associations, though small, suggest an independent role for specific pesticides in respiratory symptoms of farmers.
Farmers represent a high-risk group for occupational asthma and other respiratory diseases (1) (2) (3) (4) (5) (6) (7) . Respiratory symptoms are more common among farmers and farm workers than other rural residents (1, (8) (9) (10) . Agricultural workers have higher rates of long-term sick leave associated with respiratory disease than other workers (11) .
Animals, grains, and dusts are the primary respiratory hazards associated with agriculture; however, a sparse literature suggests a role for pesticides. Insecticides, primarily cholinesterase-inhibiting compounds, may contribute to respiratory symptoms among agricultural workers (12, 13) . Organophosphate insecticides have been associated with occupational asthma in case reports (14) (15) (16) and in a population-based survey of Saskatchewan farmers (8) . Carbamate insecticide use was associated with self-reported asthma and lower mean values on lung function tests among Saskatchewan farmers (8) .
Residents exposed as a result of a chemical spill to metam sodium, a dithiocarbamate, exhibited persistent irritant-induced asthma (17) . Insecticide application to livestock, but not to crops, was significantly associated with increased prevalence of wheeze among Iowa farmers (9) ; among Ohio grain farmers, mixing or applying pesticides was significantly associated with cough (18) . Case reports suggest a link between fungicides and respiratory symptoms (19, 20) . Fumigants, primarily methyl bromide and sulfur dioxide, can cause a severe acute pulmonary response in occupationally exposed subjects (21) . Paraquat, an herbicide, is the only individual pesticide that has been studied with respect to respiratory disease in populationbased settings. Paraquat was associated with increased wheeze among Nicaraguan banana workers (22) and decreased lung function among South African farm workers (23) .
Previous studies of farmers and respiratory disease had limited ability to discriminate the potential effects of pesticide use and application from other contributors to respiratory symptoms owing to their relatively small sample sizes and the large number of exposures of interest. To better understand the role of pesticides on respiratory risk, we examined chemical use in the past year and self-reports of wheeze in the past year among the Agricultural Health Study (AHS) cohort. By using a large, heterogeneous cohort, we were able to control for other asthma-related risk factors and to explore the associations of individual pesticides with wheeze.
METHODS
The AHS is composed of certified pesticide applicators in Iowa and North Carolina (24) . Approximately 52,000 farmers enrolled at pesticide certification by completing the enrollment questionnaire; 22,756 (44%) returned a second mailed questionnaire. Of eligible applicators, 82.4% enrolled in the study between 1994 and 1997. Applicators who did or did not return the second questionnaire were similar with regard to demographic characteristics, farming practices, and medical history (25) . This analysis uses only subjects who returned both questionnaires.
The outcome, wheeze in the past year, was based on the question: "How many episodes of wheezing or whistling in your chest have you had in the past 12 months? No wheezing or whistling, 1-2 episodes, 3-6 episodes, 7-12 episodes, more than 12 episodes." Any positive response was included in the wheeze group. Information on other respiratory symptoms in the past year was not collected.
We assessed pesticide exposure and related activities using the questionnaire information. To evaluate exposures temporally relevant for the wheeze outcome, we limited analysis to the 40 pesticides used in the past year. Besides the individual chemicals, we created summary variables for three classes of pesticides of a priori interest (organophosphates, carbamates, and thiocarbamates). The organophosphate class contained chlorpyrifos, coumaphos, diazinon, dichlorvos, fonofos, malathion, parathion, phorate, terbufos, and trichlorfon. The carbamate class contained aldicarb, benomyl, carbofuran, and carbaryl. The thiocarbamate class contained butylate, S-ethyl-dipropylthiocarbamate (EPTC), maneb, and ziram. To evaluate overall annual pesticide usage, we calculated summary variables for: ( 1 ) total pesticide use, ( 2 ) total pesticide use within each pesticide type (e.g., herbicide, insecticide), and ( 3 ) total pesticide use within each class of a priori interest. Frequency of application was reported as Ͻ 5, 5-9, 10-19, 20-39, 40-59, 60-150, and Ͼ 150 days for herbicides and insecticides. We calculated total days using the category midpoints, except for the top category where we used 150% of the lower boundary.
Exposures were evaluated using a base logistic regression model controlling for age, state, smoking history (current, past, never), and asthma-atopy status. Atopy history was defined as a self-report of a diagnosis of either eczema or hay fever. The association of chemicalspecific exposures with wheeze was evaluated in two ways: ever/never use in the past year and dose-response modeling using application frequency categories. Each pesticide was added to the base model individually. For chemical-specific analyses, subjects were excluded if they reported using the chemical ever but not in the past year. Doseresponse modeling was limited to insecticides and herbicides. To address potential confounding by multiple exposures, we constructed models that included chemicals commonly applied together (26) and chemical application methods used. We also constructed models that included pesticides with associated crops or animals. We used interaction models to evaluate whether atopic or asthmatic subjects responded differently to exposure. For total number of days of pesticide application in the last year, dose-response models used the base model and evaluated exposure based on the questionnaire categories for the individual pesticide types. For pesticide application methods, users of each method were compared with a referent group who did not apply pesticides of that type. All statistical analysis was performed using SAS (Cary, NC).
RESULTS
A total of 20,468 farmer applicators (90% of eligible subjects) had complete information on all covariates of interest. Subjects were predominantly white males; they ranged in age from 16 to 88 years at the time of enrollment (Table 1) . Nineteen percent of subjects reported at least one episode of wheeze in the year before enrollment. Five percent reported a doctor diagnosis of asthma with 54% of these individuals diagnosed before age 20; 11% had a history of eczema or hay fever, our atopy definition. As expected, subjects who wheezed were more likely to have a history of asthma and atopy. North Carolina residents were more likely to report wheeze than their Iowa counterparts (p Ͻ 0.01). Both current and former smokers were more likely to report wheeze in the past year. Shortness of breath when hurrying was reported more often by subjects who reported wheeze in the past year (51% versus 19%). The total years of pesticide application did not differ between subjects who reported wheeze and those who did not.
Information was available on 40 pesticides applied and crops and animals raised in the year before enrollment. The exposure prevalences and the adjusted odds ratios (OR) for use of each chemical are presented in Table 2 . The results of trend tests for each herbicide and insecticide are also included. Eleven of the 40 pesticides (27%) were significantly associated with wheeze when evaluated for ever use; of these, all 10 for which we constructed dose-response models had significant tests for trend (p Ͻ 0.05). Dose-response models were not constructed for fungicides and fumigants because of the limited number of application days. Dose-response models for six chemicals are presented in Table 3 . Chemicals were selected for presentation on the basis of volume of use and a priori interest; dose-response models for all chemicals are available from the authors. When chemicals commonly applied together and crop and animal-related exposures were included in the same model, the results were essentially the same as those reported in Tables 2 and 3 .
Interaction models were used to explore whether atopic or asthmatic subjects had different odds of wheeze with exposure than could be explained by the chemical alone. Three chemicals, butylate, fonofos, and malathion had significant interactions (p Ͻ 0.05) with atopy. Atopic subjects who used butylate (p interaction ϭ 0.02) or fonofos (p interaction ϭ 0.04) in the past year were much more likely to wheeze than atopic subjects who did not use these chemicals; conversely, atopic subjects who used malathion were less likely to wheeze (p interaction ϭ 0.01). Among asthmatic subjects, five chemicals (benomyl, coumaphos, glyphosate, paraquat, and permethrin [poultry]) showed a significantly lower odds of wheeze. When chemical use on animals was added to the models for coumaphos and permethrin, the interaction was still significant but the OR for wheeze among nonasthmatics was attenuated toward the null. For paraquat, a chemical not associated with animal exposure, the OR for wheeze among nonasthmatics was 3.3 (95% confidence interval [CI] ϭ 1.4, 7.6). In interaction models, the OR for wheeze among nonasthmatics were 2.9 (95% CI ϭ 1.1, 8.1) for benomyl and 1.5 (95% CI ϭ 1.1, 2.1) for glyphosate.
Farmers applied between 0 and 23 pesticides in the year before enrollment, with a median of three. Only a small portion of our population applied fungicides and fumigants (16% for fungicides and 4% for fumigants). Total pesticide usage was significantly associated with odds of wheeze in categorical dose-response models adjusted for covariates included in the base models (Table 4) .
Activities related to pesticide application may also contribute to respiratory symptoms. We evaluated three aspects: personal protective equipment, solvents as additives, and pesticide application methods. Eleven types of personal protective gear, including respirators, dust masks, and chemically resistant gloves were evaluated; none was associated with wheeze, either positively or negatively (data not shown). Nine percent of subjects reported using solvents as additives to pesticides. Subjects who reported using solvent additives had an OR for wheeze of 1.3 (95% CI ϭ 1.1, 1.5). OR for wheeze associated with each crop application method, stratified by pesticide type are shown in Figure 1 . The referent group for application methods was those individuals who did not report applying chemicals in that pesticide type. The OR for each application method appear similar regardless of pesticide class, with the possible exception of air-blast application for fungicides. The adjusted ORs for application of insecticides to animals are presented in Table 5 . When animal exposure was added into these models, there was little attenuation of these ORs.
DISCUSSION
Farming involves multiple exposures, many of which may contribute to respiratory symptoms and disease. With the advantage of the large sample size of the AHS and the heterogeneity of farming practices among farmers in Iowa and North Carolina, we were able to control for multiple exposures to identify pesticides associated with increased odds of wheeze.
Our results complement and extend other work regarding pesticides and respiratory symptoms among agricultural workers. Prevalence of wheeze was associated with individual pesticides independent of animals, crops, and grains. Wheeze was also associated with total days of chemical application.
Twenty-seven percent of the pesticides evaluated were significantly associated with wheeze, most in a dose-dependent manner. The pesticides associated with self-reported wheeze are consistent with available epidemiologic and toxicologic data. Organophosphate and carbamate compounds are thought to contribute to respiratory symptoms through cholinesterase inhibition, which may promote bronchoconstriction (8, 14) . Among Saskatchewan grain farmers, Senthilselvan and colleagues (8) observed significant associations between asthma and use of cholinesterase-inhibiting pesticides, defined as phosphodithioates (OR ϭ 1.5, 95% CI 1.0, 2.4) and carbamates (OR ϭ 1.9, 95% CI ϭ 1.2, 3.0). In our data, parathion, malathion, and chlorpyrifos were each individually associated with wheeze in a dose-dependent manner. Parathion is one of the most potent organophosphate insecticides, and thus, its strong association with wheeze is consistent with a role of cholinesterase inhibitors. We saw no association with individual carbamates or thiocarbamates with the exception of EPTC and carbaryl, which were related to wheeze in a dose-dependent fashion. Paraquat exposure at high doses causes pulmonary fibrosis in humans and animals independent of exposure route (27) . A variety of respiratory effects have been observed among occupationally exposed subjects. On South African fruit farms, long-term exposure to paraquat was significantly associated with arterial oxygen saturation in a dose-dependent manner, though there were no differences with regard to respiratory symptoms, spirometry, gas transfer, and chest radiography (23) . Among Nicaraguan banana workers, a threefold increase in wheeze and shortness of breath was associated with more intense paraquat exposure; there was no increased prevalence of wheeze at lower levels of paraquat exposure (22) . Among our subjects, paraquat was significantly associated with wheeze in a dose-dependent fashion. Although the mechanism of action of paraquat for less severe respiratory symptoms, such as cough and wheeze, is not known, paraquat is a known skin irritant and may also irritate the mucosal surface of the lung (21) .
In addition to paraquat and EPTC, we saw significant dose-response associations with other herbicides, including atrazine and alachlor; these associations were independent of corn and other grain exposures. Wheeze was not associated with 2,4-D, the most commonly applied herbicide. Total days of herbicide application were significantly associated with wheeze. However, most of the increased prevalence of wheeze was observed among individuals who applied herbicides more than 150 days per year (OR ϭ 1.6, 95% CI ϭ 1.2, 2.1); ‫ف‬ 4% of the farmers in this study applied herbicides at that rate. Previous studies among Saskatchewan farmers (8) and Iowa farmers (9) did not observe respiratory symptoms associated with herbicide use.
Insecticide use on animals has been associated with wheeze among farmers in Iowa (9) . Permethrin, a pyrethroid, was the only insecticide reported separately for crop and animal use in our data. Its use on poultry was associated with wheeze, but use on crops was not. For other insecticides that may be used on animals, we saw no significant association of wheeze with coumaphos and dichlorvos, whereas we observed an increased odds of wheeze among chlorpyrifos and malathion applicators. All animal application methods, except rope wick, were significantly associated with wheeze (Table 5 ). Although our data do not allow us to directly link the chemical, the application method, and the animal (or crop) to which the chemical was applied, our results suggest both chemical-specific and application method-specific contributions to wheeze prevalence among farmer applicators independent of animal exposure. However, our measure of animal exposure may be too crude (e.g., raised in the past year) and may represent a surrogate for other animal-related exposures.
When considering multiple exposures, we chose to evaluate only those for which we had some evidence that they were used in combination at the same time. Given the large sample size and the large number of potential covariates, the number of possible combinations is great. The literature on the role of specific pesticides and respiratory symptoms is sparse, although there are data suggesting associations. For this exploratory analysis, we evaluated all chemicals for which we had sufficient data. In addition, we had sufficient power to assess whether response to chemical exposure was different among atopics and asthmatics. These analyses suggested that atopics may have a different response to exposure for benomyl, fonofos, and malathion. The interactions for asthmatics suggested a lower response to the chemicals among asthmatics; whether this indicates that asthmatics are less influenced by chemical exposure or that sensitive asthmatics avoid chemical exposures cannot be determined by this evaluation. We have no information on asthma severity or medication use to evaluate this in our data. However, the odds of wheeze of particular pesticides (paraquat, benomyl, glyphosate) were greater among nonasthmatics, suggesting a higher risk group to explore in future studies.
We had information on chemical use in the past year and crops and animals raised in the past year; however, we did not have detailed information regarding the use of specific pesticides on individual crops and animals. Information regarding pesticide formulation (e.g., granular, emulsifiable concentrate), pesticides premixed together, and specific solvents or other additives used was not available. Although we observed significant results with individual pesticides in a dose-dependent Control group includes only those who never used the pesticide. Exposed group contains only those who used pesticide last year.
fashion, the observed OR may be a result of some other aspect of the technical product, such as the so-called inert ingredients. Access to these proprietary data would allow us to explore this aspect of potential confounding. The observed OR reflect the applicators' exposure to the technical products and not just the active ingredients. This may explain discrepancies between the toxicology data on the active ingredients, which offer limited evidence of effects, and the epidemiologic data which suggest associations.
Wheeze and asthma are common respiratory concerns among farmers worldwide. Our population reported prevalences of asthma (5%) and wheeze (19%) that were consistent with those observed in other populations. Data regarding the prevalence of asthma among farmers are limited (4); the reported prevalence of asthma among farmers ranges from 6% in rural Saskatchewan (10) to 12% current asthma among New Zealand farmers (28) . The prevalence of current wheeze among Ohio grain farmers was 8% (18), 10% among Iowa farmers (9) , and 27% among Saskatchewan farmers (1) .
The healthy population may bias our results toward the null and thus, contribute to the low OR observed. Respiratory morbidity among farmers influences their ability to farm (29) and may determine the chemicals that they use and the crops and animals that they raise. Because farming is a lifelong occupation, those subjects who have extreme respiratory disease are likely to remove themselves from farming and to limit exposures that exacerbate respiratory symptoms. In the Netherlands, a selection effect was observed among grain processing workers based on decline in lung function, with the most impaired workers more likely to leave the industry than those with less rapid decline in lung function (30) . Among Dutch pig farmers, a lower prevalence of childhood asthma and atopy was regarded as a health-based selection process that would reduce the impact of work-related respiratory symptoms (31) . A similar selection process may be expected among our farmers. The observed interactions with asthma and specific pesticides are consistent with this. The detection of significant associations among a self-selected population is relevant for application of these results to other populations, especially those who may be sensitive because of age or disease status.
The AHS was initially designed to look at cancer risk among farmers and their families. During questionnaire development, information on other health outcomes of interest was added, but with limited information on respiratory symptoms. Thus, we limited this analysis to wheeze and chemical use in the past year. Future queries of our cohort will contain more information regarding respiratory symptoms and disease. However, as an initial analysis, wheeze and asthma are appropriate self-reported metrics. Other investigators (8) have demonstrated among farmers that self-reported asthmatic subjects have a higher symptom prevalence and lower lung function tests than nonasthmatics. In our study, subjects who wheeze were also more likely to report having shortness of breath while hurrying (51% versus 19%). The questionnaire asked about numerous pesticides and a wide variety of health outcomes, although possible, it is unlikely that our results are due to overreporting among wheezing subjects. Farmers have been demonstrated to be accurate reporters of pesticide application because of their dual roles as owners and operators, which give them complete information regarding exposure (32) . Our subjects are all licensed pesticides applicators; they have an interest in keeping chemicals on the market and are unlikely to selectively report responses.
Unlike other studies, we had sufficient power to explore the associations of individual chemicals with wheeze while controlling for other farming-related exposures. This study is the first to include farmers from the southern United States who grow a different variety of crops and are impacted by different pests than farmers in other regions of the United States. We saw associations with specific pesticides, primarily organophosphates and paraquat, though total application days of all insecticides and herbicides were significantly associated with wheeze as well. Application of insecticides to animals was significantly associated with wheeze. The observed ORs were small and residual confounding may explain these associations; however, given the healthy population, the infrequent exposures, and the consistency with the toxicology and epidemiology literature, these results suggest a role for pesticides in relation to respiratory symptoms among farmers in the AHS. 
